Abstract: There are a myriad of clinical conditions whose disease etiology involves leakiness of an epithelial and/or endothelial barrier. To underscore the medical usefulness of agents that can augment barrier function, the theme of this special issue, two disease areas are highlighted. The first is the phenomenon of "leaky gut" which can play relatively obvious roles in gastrointestinal diseases such as celiac disease, Crohn's disease, and ulcerative colitis. It may play less obvious roles in seemingly unrelated illnesses such as autism, diabetes and certain microbial infectious diseases. A second disease area where barrier compromise plays a major role is multi-organ failure, a major cause of death in ICUs. Multi-organ failure highlights the important effect that the immune system and oxidative stress can have on barrier elements. The use of barrier enhancing and protecting agents in nutritional feeding in ICUs should be an area of intense interest in the future.
BARRIER LEAK IN THE GI TRACT
The gastrointestinal (GI) tract is a complex system that separates an individual from their environment through an intestinal barrier. There is a complex association of digestive enzymes and barrier elements ranging from mucus to epithelial tight junctions that formulate this separation from the outside world [1] . When this barrier becomes compromised, increased intestinal permeability occurs, allowing for the penetration of toxins and other pathogenic material. This process of a "leaky gut" can yield tissue injury and the spread of systemic disease [2] . A number of GI disorders perpetuate or derive from intestinal barrier disruption, leading to increased permeability. Other systemic conditions can act indirectly on the GI tract, also altering permeability and barrier function.
Celiac disease is an autoimmune chronic enteropathy caused in part by eating gluten products such as wheat, barley, and rye. Ingestion of such material causes a flattening of duodenal villi, normally used to absorb nutrients. A wide variety of symptoms can occur, ranging from asymptomatic anemia to chronic diarrhea and failure to thrive. The diagnosis can be made through serologic testing, in the form of a tissue transglutaminase (TTG) or anti-endomysial antibody or from pathological examination of duodenal biopsies from endoscopy, illustrating flattened villi and lymphocyte infiltration. In this condition, gliadin-containing products also disrupt intestinal barrier function. Transepithelial resistance is decreased and paracellular permeability is increased *Address correspondence to this author at the Lankenau Hospital GI Fellows Office, 1 st Floor 100 E. Lancaster Ave. Wynnewood, PA 19096, USA; Tel: 215-850-2575; Fax: 484-476-2077; E-mail: cfarrell22@hotmail.com as a result of altered expressions of tight junction proteins, including occludin, claudins, and ZO-1 [3, 4] . The treatment for celiac disease is a gluten-free diet. While this sounds simple, it is a life-changing remedy that can provide difficult adherence. Compliance with a gluten-free diet reverses the effects of celiac disease, and can resolve the barrier leak and intestinal permeability.
Inflammatory bowel disease (IBD) consists of Crohn's disease (CD) and ulcerative colitis (UC). IBD is thought to be due to an interaction between the environment and an inappropriate host immune response to genetically predisposed individuals [5] . Both diseases are autoimmune inflammatory disorders that affect the GI mucosa, but are independent from one another. Nonetheless, both forms of IBD demonstrate a partial loss of tight junction barrier function, producing transepithelial leak and increased passage of material from the gut lumen [6] . Sugar absorption tests have proven this phenomenon, more markedly when possessing active disease; however, still elicited in disease remission [7] .
CD can affect any portion of the GI tract from the mouth to the anus, most often affecting the terminal ileum. The inflammation in CD can extend through all layers of the bowel wall, causing transmural injury. Its ability to penetrate into the submucosa allows for the potential formation of fistulous tracts and abscesses. Strictures can also form from prolonged inflammation and scarring, and present as an intestinal obstruction. CD has been shown to display a reduction in tight junction strands, strand breaks, and altered tight junction protein composition, leading to increased intestinal permeability [8] . Tumor necrosis factor (TNF) alpha is upregulated in patients with CD. TNF-alpha has demonstrated effects on tight junction permeability through NF-kappa B activation [9] . Treatment of CD with anti-TNF-alpha agents has been shown to dramatically decrease intestinal inflammation and permeability, helping restore gut barrier function [10] .
UC invariably involves the rectum and extends proximally throughout the colon, and inflammation is generally limited to the mucosa. UC is more of a diffuse colitis, affecting colonic barrier and permeability in both chronic and acute colitis [11] . Transepithelial leaks can occur early in UC as a result of apoptotic foci from microerosions or tight junction protein alterations with an increase in claudin-2 [8, 12] . Controlling the interleukin-induced inflammation in UC also allows for a regaining of intestinal barrier function and a decrease in permeability. Barrier dysfunction in IBD is obvious, but it remains unclear whether or not it is a primary contributor to disease or just a consequence of mucosal inflammation [13] .
Another form of microscopic colitis exists that presents mainly as chronic diarrhea, known as collagenous or lymphocytic colitis. The diagnosis is made by microscopic examination of random colonic biopsies via colonoscopy in a symptomatic patient. A disturbance in colonic mucosal permeability is even seen in this mild colitis, which affects mucosa only on a microscopic level [14] .
Helicobacter pylori (H. pylori) is a spiral, gram-negative bacteria that affects the upper GI tract. H. pylori resides in the human stomach and is an acquired infection. If left untreated, the bacteria can progress to form a chronic gastritis, gastric or duodenal ulcers, and even gastric cancer. Infected stomachs display an increase in mucosal permeability [15] . Even asymptomatic patients elicit a disruption in gastric mucosal integrity, altering its barrier function [16] . H. pylori has been shown to disturb tight junctions by phosphorylating myosin light chains and regulating claudin-4 and claudin-5 [17] . Other studies have linked ammonium production by H. pylori causing a modification in tight junctions [18] . All patients with H. pylori should be treated with a proton pump inhibitor and antibiotic therapy in an attempt to eradicate the bacteria, both resolving this leak and preventing future potential complications.
Other disease processes that span the realm of gastroenterology can also elicit a GI leak, even though they do not directly act on the GI mucosa. One such phenomenon is that of acute pancreatitis. The two most common causes for acute pancreatitis are gallstones and alcohol intake. Patients present with severe epigastric pain and can be extremely ill with multiorgan failure and even progress to death. Acute pancreatitis has shown a decrease in gut absorptive capacity with an increase in gut permeability [19, 20] . The intestinal mucosa has shown partial breakdown via accelerated epithelial apoptosis, allowing for increased permeability and bacterial translocation [21] . The degree of barrier dysfunction correlates with the severity and duration of pancreatitis [22] . Therefore, if a therapeutic intervention to help resolve the inflammation can be performed, such as an endoscopic retrograde cholangiopancreatography (ERCP) to extract impacted gallstones, both the extent of disease and permeability disorder can be decreased. Aggressive treatment and management of acute pancreatitis is critical to minimize comorbidities and increase survival.
Intestinal permeability increase is also present in patients with advanced liver disease, mainly cirrhosis [23, 24] . The highest leak is observed in alcoholic cirrhotics compared to those with cirrhosis from viral hepatitis, while patients with just chronic viral hepatitis without cirrhosis did not exhibit an increased GI leak compared to controls [25] . This alteration in barrier function has been hypothesized to be due to toxic effects of alcohol and portal hypertensive gastropathy [26] . The effects of alcohol and its metabolites on epithelial barriers has been intensively investigated [27] . These permeability derangements are more pronounced in patients with more advanced liver decompensation, who possess ascites and/or a prior history of spontaneous bacterial peritonitis (SBP) [28] . SBP occurs from bacterial translocation into ascitic fluid from an overall breakdown in GI and vascular barrier function. Patients who experience even just one episode of SBP require antibiotic prophylaxis either lifelong or until they receive a liver transplant.
Primary biliary cirrhosis (PBC) is an autoimmune disease that affects the biliary system and can progress to cirrhosis. This condition is more prevalent in females and can present with just fatigue and pruritis. GI permeability increase has been seen in PBC, and is thought to be due to an epithelial dysfunction, rather than portal hypertension, as seen in cirrhotics without PBC [29] . These findings suggest a more systemic, and possibly autoimmune-based, etiology of GI leak compared to others with liver disease. PBC has a slow, indolent course in most cases, and is only curable through a liver transplantation. Otherwise, the treatment mainly consists of ursodeoxycholic acid to delay the progression of liver disease.
Hepatitis C (HCV) is a viral infection that is acquired parenterally, most commonly through blood transfusions and intravenous drug use. The main organ targeted with HCV is the liver, and chronic infection can lead to cirrhosis. As discussed previously, cirrhosis causes an increase in intestinal permeability, while chronic hepatitis does not. However, HCV does interact with tight junction proteins in a different manner. Claudin-1 is considered a co-receptor for HCV, and is essential for the entry of HCV into hepatocytes [30, 31] . Occludin has also been implicated as playing a critical role in HCV entry into the liver, through an intracellular interaction with E2 glycoprotein [32] . These findings help provide new insights into the mechanisms of action of HCV and potential future treatment therapies.
Systemic inflammation induces intestinal permeability increase, as seen in acute pancreatitis, but is also found in patients suffering from sepsis and septic shock. Increased GI leak in sepsis and multiorgan failure is due to an epithelial dysfunction and possibly caused by an inflammationinduced, cytokine-mediated, paracellular permeability increase [33, 34] . One small study found an increase in colorectal permeability that correlated with the degree of sepsis and shock [35] .
Different infectious etiologies have been linked to increased GI leak; however, one unique bacterium is Listeria monocytogenes. It is indicative of the preferential targeting of the tight junctions and cell adhesion sites by many pathogens [36] . This is a food-borne, gram-positive bacterium that causes human listeriosis, and must cross the intestinal epithe-lial barrier to attack other organ systems in the human body [37] . L. monocytogenes permeates the intestinal barrier in an unusual way, through the interaction of its surface protein, internalin, with the enterocyte receptor E-cadherin [38] . Altered localization of the tight junction protein, ZO-1, is involved in the subsequent tight junction disruption [39] . This allows the passage of the bacteria from the GI tract through the intestine, and can lead to a possible targeting of the placental or blood-brain barrier.
Human immunodeficiency virus (HIV) and acquired immunodeficiency syndrome (AIDS) have shown alterations in small intestinal transit, absorption, and permeability. The function of the absorptive surface of the intestine decreases as HIV progresses [40, 41] . An impairment in intestinal permeability occurs as HIV develops into AIDS, which can elicit a significant enteric protein loss [42, 43] .
While autoimmune diseases that primarily affect the GI lumen alter epithelial barrier function, other autoimmune disorders can yield similar findings. Diabetes mellitus type 1 is associated with mucosal ultra-structural alterations, causing an increase in intestinal permeability [44, 45] . However, this phenomenon is not seen in diabetes mellitus type 2, an acquired condition that is not of autoimmune etiology [46] . Allergic reactions to food also alter intestinal permeability, likely on both a mucosal and systemic basis [47] .
BARRIER LEAK IN MULTIORGAN FAILURE
Multiorgan failure, or multiorgan dysfunction syndrome (MODS), is the most common cause of death in critically ill patients and has been described as "death in slow motion" [48, 49] . MODS is the final common pathway that can follow the systemic inflammatory response syndrome (SIRS) in situations such as sepsis, hemorrhagic shock, burn injury, pancreatitis, trauma and even cardiac surgery. The most commonly affected organs are the lungs, GI tract, kidneys, and liver; the major epithelial barriers in the body. The pathogenesis behind the deterioration and eventual failure of organ systems that occurs during this process remains unknown, but is believed to be the end result of an inflammatory response on overdrive. This overactive immune response leads to widespread cellular barrier dysfunction [49] . There have been many theories proposed as to what initiates and propagates this destructive process. When these physiologic states introduce a flood of inflammatory mediators into the bloodstream they can cause a sustained activation of vascular endothelium, initiating a dysregulated cascade that can ultimately lead to irreversible tissue damage and death [50] . TNF alpha and other cytokine-mediated epithelial apoptosis and tight junction dysregulation are well-documented phenomena [51, 52] .
In recent times, researchers have hypothesized that the gut, more specifically an increase in GI permeability, acts as the "motor" behind MODS in critical illness [53] . Various theories have been discussed regarding the mechanism of this increase in gut barrier function permeability, initially concluding that hypoxia/reperfusion injury in the gut leads directly to diminished barrier function, bacterial translocation across the gut, and the subsequent entrance of toxic substances into circulation. Successive studies have proven that the mechanism of barrier dysfunction, and the ensuant bodywide organ dysfunction that can occur, may be a more complex interplay of ischemia/reperfusion, altered tight junctions, cytokine production, epithelial cell apoptosis, and bacterial translocation.
The exact mechanism behind organ dysfunction in MODS remains elusive. A common theme in the conditions that can lead to MODS is that the initial insult leads to splanchnic hypoperfusion. This hypoperfusion is often subclinical, caused by vasoconstriction of the splanchnic vessels in response to physical stress and hypovolemia, even prior to changes in a patient's heart rate or blood pressure [54] . Whether it is due to the ischemia itself or reperfusion injury that follows, the gut then becomes a major site for proinflammatory cytokine production [55] . These inflammatory mediators and other "gut-derived tissue injurious factors", as well as bacterial endotoxins, are then present to cause a subsequent loss of gut barrier function. This cascade of events may then be followed by a cycle of bacterial translocation across the epithelial barrier and further activation of the innate immune response. The production and release of these cytokines and toxins may have direct or indirect systemic effects that we classify under the umbrella term "MODS" [49, 55] .
Just how inflammatory mediators and bacterial endotoxins lead to an alteration of gut barrier function is still being debated. Barrier function in the body is regulated in part by tight junctions, comprised of a complex of proteins between the apical components of epithelial cells that limit passive diffusion across the paracellular pathway and prevent contamination of the body's internal environment with toxic substances that enter from the external world [56] [57] [58] . There is increasing evidence that pro-inflammatory stimuli such as TNF-alpha and IL-1 beta can induce changes in occludin and ZO-1 expression and localization within the cell. Nitric oxide (NO) has been implicated in the reorganization and decreased production of the tight junction proteins via up-regulated inducible NO synthase (iNOS) expression and increased NO production in response to cytokines or bacteria. Cultured epithelial cells exposed to sera from MODS patients demonstrated increased permeability as well as decreased expression levels and disordered distribution of tight junction proteins within the cell. This corresponded to elevated NO and increased iNOS expression in epithelial monolayers treated with the MODS serum [59] .
There is evidence from studies performed by Fink and Delude that the presence of lipopolysaccharide (LPS) and endotoxemia may increase intestinal permeability under similar iNOS dependent pathways [49] . Systemic inflammation, a milieu introduced by LPS injection simulating sepsis, is associated with hepatobiliary epithelial barrier dysfunction in mice. A similar reaction is witnessed in the bronchoalveolar epithelial barrier with the induction of endotoxemia leading to increased lung permeability, mediated at least in part by iNOS-dependent NO synthesis [49] . This process is associated with decreased occludin and ZO-1 expression and staining in both hepatic and lung tissue extracts. This provides a possible mechanism for which a systemic inflammatory reaction, reproduced in these studies by induction of endotoxemia by LPS injection, can lead to distant organ injury like cholestatic liver dysfunction and the pulmonary edema associated with acute lung injury (ALI) and acute respiratory distress syndrome (ARDS). This barrier breakdown and subsequent tissue damage may be extrapolated to other organs, such as the kidneys, that are also often damaged in MODS.
Once an alteration in the tight junction has been established, bacterial translocation and the invasion by microbes of previously sterile tissue compartments can lead to an activation of the innate immune response [49] . Translocation describes the entrance of enteric bacteria as well as LPS endotoxins and other antigenic molecules through the gut barrier and into the rest of the body via the bloodstream or lymphatics [55] . This can lead to further barrier dysfunction, tissue edema, and organ dysfunction at distant sites by mechanisms that have not been fully described. The propagation of the cycle of inflammation by bacterial translocation and the movement of other gut-derived cytokines and toxins through the gut is known as the "leaky gut hypothesis" [53] . In the past, theories describing gut barrier dysfunction as essential to the development of MODS by these mechanisms have been confounded by a lack of evidence demonstrating bacterial endotoxins in the portal circulation of these patients. The failure of anti-endotoxin therapy and selective digestive tract antibiotic decontamination to improve survival in MODS was also perplexing [60, 61] . This begs the question, how do patients with MODS acquire gram negative bacteremia without a focal source of infection? The answer may be that the endotoxins and other injurious inflammatory factors exit the gut via the mesenteric lymphatics. This was evidenced by studies showing that rats experiencing trauma and hemorrhagic shock developed ALI in the form of an increase in pulmonary vascular endothelial permeability, and this response was eliminated by ligation of the lymphatic ducts. Interestingly, the ALI was associated with an increased iNOS-derived nitric oxide level in rats, correlating with prior studies demonstrating a role of iNOS in barrier dysfunction and leaky tight junctions [61] . Other studies indicated similar findings with burn-induced lung and cardiac injury [62, 63] .
The understanding that gut barrier dysfunction plays a role in perpetuating barrier dysfunction on a grand scale in the form of MODS allows for a focus on possible therapeutic interventions. Maintaining the integrity of endothelial and epithelial barriers may lead to decreased morbidity and mortality. Targeting the inflammatory cascade with anti-cytokine antibodies and systemic glucocorticoids has in the past failed to prevent organ injury [64] . An interesting and novel approach that was proven in the PROWESS trial to improve mortality in severe sepsis with multi-organ dysfunction is the use of activated Protein C (APC) [65] . It is not clear through which mechanisms APC improves mortality, and its actions on the endothelium and epithelium are complex. There is evidence from two in-vitro studies of direct modulation of the endothelial monolayer leading to increased cell-cell contact and decreased barrier permeability via cytoskeletal rearrangement and strengthening of endothelial tight junctions [64] .
An improvement in barrier function with the use of probiotic therapy has also been proposed as a potential therapeutic target in MODS. One study of critically ill patients receiving enteral feedings showed a reduction in intestinal permeability in patients getting probiotic supplementation over placebo alone. Assuming that the pathogenesis of MODS in some way stems from an alteration in gut barrier function and increased permeability, the use of probiotics may then be seen as a possible tool in combating this syndrome [66] . Many questions remain, however, regarding the clinical risk/benefit ratio that can be derived from this intervention in light of evidence that critically ill patients in particular are at risk of disseminated fungemia following use of probiotics like Saccharomyces boulardii (S. cerevisiae) [67] . Isolating the critical active components of probiotics, as well as implementation of other barrier enhancing agents such as zinc, polyphenols, rapamycin, and indole, may lead to new therapeutic approaches to MODS in the future.
Barrier dysfunction and transepithelial intestinal permeability has proven to play a pivotal role in the pathophysiology of GI disease and systemic inflammatory disorders. Studies have linked different alterations in tight junctions and immune responses to this process, resulting in advancements in the treatment of an array of diseases. Further research is warranted and ongoing to broaden the understanding of this phenomenon and help aid in future therapies.
